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Dc magnetic measurements across the charge ordering (CO) transition temperature (TCO) in
polycrystalline Pr0.5Ca0.5Mn0.975Al0.025O3 have been performed under simultaneous influence of ex-
ternal hydrostatic pressure (P) and magnetic field (H). We show the first experimental evidence that
the melting of charge order instability obey an interesting scaling function, δTCO/P
α = f(H/Pβ) in
H-P-T landscape, where δTCO is the suppression of TCO by P and H. Corresponding values of the
exponents, α = 1.63 and β = 0.33 have been extracted from data collapsing phenomena. Possible
origin of such a scaling behavior has been discussed.
Careful experiments across phase transitions in vari-
ety of systems of interest to condensed matter physics
have ignited flurry of theoretical activities to comprehend
critical behavior which paved ways to outstanding con-
cepts and models. Observation of data collapsing obey-
ing scaling relationship falling within universality classes
across phase transition for systems with diverse micro-
scopic details is rather amazing 1. Effect of relevant
external parameters on the critical fluctuation, leading
to renormalization of interactions, giving rise to scaling
relations generating critical exponents according to the
universality class for diverse systems and interactions is
a success story of attempt to unify apparently incom-
prehensible many body systems. The triumph of this en-
deavour came from the studies of critical behaviour across
continuous para- to ferromagnetic (FM) phase transition
which is thoroughly worked out and verified in magneti-
zation (M) - magnetic field (H) - temperature (T) land-
scape 2–4. Critical behavior has also been discussed in
spin glasses, phase separated systems, dynamics of fer-
romagnets and high TC superconductors etc
5–8. Aside
these systems, such critical behavior has been surpris-
ingly observed in many naturally occurring phenomena -
viz., forest fire, earthquake, avalanches in granular media,
or even in some of the functionalities happening within
our brain 9–11. Non-equilibrium systems may also show
critical behavior, for example, thermal hysteresis across
a first order phase transition (FOPT) shows a power
law divergence with the temperature swipe rate 12–15.
Additionally, inclusion of random disorder can induce a
continuous transition from a sharp first order transition
in a rather pure system 16–18. Albeit, the critical be-
havior across such a disorder affected transition and the
universality of such transition, if any, is still unsettled
and not experimentally established in wide class of sys-
tems. In this context, for the first time it is shown here
that the charge order (or CO) transition in a minimally
doped (2.5% Al at Mn site) prominent and robust CO
manganese-oxide system (manganites), Pr0.5Ca0.5MnO3
(PCMAO) also obeys an unexpected scaling relation in
M, T, H, Pressure (P) landscape.
Manganites never ceased to puzzle the condensed mat-
ter scientists by its enriched complexity. Numerous works
have been published on the CO transition in different
mixed valence manganites 19–22. Though CO transition
historically was first envisaged by E. Verway in Mag-
netite (Fe3O4) in 1939
23, its origin is being debated till
recent times 24–26. In mixed valence manganites when
electrostatic coulomb repulsion dominates their kinetic
energy, electrons localize at Mn sites as Mn4+ and Mn3+
and the system becomes insulating. Moreover, electron
localization suppresses double exchange (DE) interaction
27, thereby pushing the system to the verge of superex-
change (SE) mediated antiferromagnetic (AFM) state.
Alternatively, a charge density wave scenario is also pro-
posed for manganites 25,28. Many other non-manganite
families also show CO 29 .
Effect of external P and H on the CO state in man-
ganites can be explained using the semiclassical model of
DE mechanism 27,30,31 as -
teff = t Cos(θ/2) (1)
Here “teff” is the effective hopping integral of itin-
erant eg electrons. It is proportional to the bare hop-
ping integral (t) and alignment of two adjacent t2g spin,
θ. In absence of spin scattering (θ = 0), the maximum
possible effective hopping integral (teff ) is equal to the
bare hopping integral, t. Application of external pressure
squeezes the unit cell volume. Melting of a CO state by
applied hydrostatic P is attributed to the straightening
of Mn−O−Mn bond angle and shrinkage of Mn−O bond
length due to reduced distortion of MnO6 octahedra by
pressure 19. Such a modulation in bond angle and length
increases the overlapping of outer “d” orbitals of a mag-
netic atom with the “p” orbital of intervening Oxygen
atom and eventually modify “t”. On the other hand, H
always promotes electron itinerancy (“teff” in equ.1) by
reducing “θ” between two spins. This reveals that the
CO transition is influenced by charge, lattice and spins
working in synergy, instead of purely lying its origin on
the charge carrier like in a canonical Mott-Hubbard tran-
sition 32.
We show here that the melting of CO state in PCMAO
under simultaneous action of P and H obeys a scaling re-
lation δTCO = P
α f(H/Pβ), where δTCO is the suppres-
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FIG. 1. Main panel shows the effect of pressure on the mag-
netic susceptibility around the charge ordering transition at
H = 2 Tesla. Inset shows the entire M-T behavior of bulk
PCMAO measured at H = 2 Tesla and ambient pressure.
sion of TCO by P and H. It looks quite similar to the scal-
ing relation M = ǫβ f(H/ǫβ+γ) in M-H-T space around a
continuous paramagnetic to FM phase transition where
ǫ [=(T-TC)/TC ] is the reduced temperature and β,γ de-
scribe the critical behavior of spontaneous magnetization
and initial susceptibility respectively close to the critical
temperature (or TC).
The details of sample preparation and characterization
procedure are described elsewhere 33,34. Magnetization
measurements are performed in ±7 Tesla SQUID mag-
netometer (M/S Quantum design, USA). For external
hydrostatic pressure, a Cu-Be pressure cell with pres-
sure limit of 10 kbar (easyLabMcell 10) has been used.
The reported pressure values are determined at low tem-
perature by monitoring the superconducting transition
temperature of Sn loaded inside the pressure cell 35.
On cooling from paramagnetic state, PCMAO shows
a prominent hump in magnetization around the charge
ordering temperature, TCO = 211 K (see inset of Fig.
1) and is subsequently followed by AFM and FM spin
ordering respectively. Application of external P destabi-
lizes the CO state and drives TCO progressively toward
lower temperature (see Fig. 1). Note that, at high T all
susceptibility (M/H, where M is the dc magnetization)
curves at different P are merged but as temperature is re-
duced toward the CO transition temperature, they start
deviating from each other which is more pronounced just
above CO. We have considered the temperature where
susceptibility is maximum around CO as the TCO. In
Fig. 2(a) & (b), we have shown the variation of TCO
and susceptibility value at TCO with H at different val-
ues of P. Melting of the CO state by H is nonlinear and
it melts more rapidly at higher P [See Fig. 2(a)]. Sus-
ceptibility also increases non-linearly with H [See Fig.
2(b)]. Interestingly, if we plot log-log plot of H versus
reduced susceptibility at TCO (derived from Fig. 2(b))
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FIG. 2. Variation of (a) TCO and (b) χ at TCO is plotted
with H for different applied Pressures (Solid lines are guide
to eye). Legends in both figure indicate the corresponding
pressure values.
χR = χ(H)- χ(2 Tesla)/ χ(2 Tesla) measured at differ-
ent P, they varies linearly with slope varying between 2.6
to 2.9 [see Fig. 3]. Here, χ(2 Tesla) and χ(H) are the
susceptibility at 2 Tesla and other H measured at TCO.
It indicates that the susceptibility at TCO increases as a
power law with field. On the other hand, suppression of
CO temperature by field that we have quantified as δTCO
= TCO (H) - TCO (2 Tesla), where TCO (2 Tesla) and
TCO (H) are the CO temperature at 2 Tesla and other
applied field, H respectively at different P, increases as P
increases (not shown here). Here we have subtracted the
TCO values at all P and H by the TCO measured at our
lowest measuring field of 2 Tesla and the corresponding
P and designated it as δTCO. In the quest to see the
mutual influence of P and H on the suppression of TCO,
we started with plotting δTCO/P versus H/P. Then we
varied the powers of P in the Y and X-axis through an it-
erative process to get a good data collapse similar to the
procedure followed in Ref. [4] and found that rescaling
the Y and X-axis as δTCO/P
α and H/Pβ, respectively,
with α= 1.63 and β= 0.33, collapse all the δTCO vs H
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FIG. 3. Reduced susceptibility at TCO (see the text for de-
tails) which is derived from Fig. 2(b) is plotted with H in
log-log scale. Solid lines are linear fit to the data with slope
varying between 2.6 to 2.9.
curves at different P onto a single curve as shown in the
main panel of Fig. 4 and this curve merges with the
δTCO vs H data measured at ambient pressure (See the
upper inset of Fig. 4). In this inset, we have shown the δ
TCO versus H data at ambient pressure and the rescaled
data only for P=2.1 kbar for the sake of clarity. In the
lower inset, we have shown the double log plot of the data
shown in the main panel of Fig. 4. It shows considerable
data collapse and varies linearly. Such data collapse sig-
nifies that the melting of CO state in simultaneous action
of P and H obeys a single scaling relation:
δTCO/P
α = f(H/P β). (2)
We note here that, the indices obtained from data col-
lapsing [Fig. 4] are surprisingly not arbitrary, because, a
power law dependence of physical properties with critical
index of classic value 1/3 is very familiar for three dimen-
sional (3D) systems outside the regime of mean field the-
ory and 1.63 is also very close to the value of (β+γ) found
around a critical region belonging to the 3D Ising or
Heisenberg universality class of a continuous transition.
The system studied here is not a mean field system in the
probing temperature and field range because it violates
the basic assumption of mean field theory of absence of
fluctuations. χ−1 vs T (not shown here) at H= 0.01 Tesla
and ambient P fits well with the Curie-Weiss law only at
high T (> 320 K) with a curie constant of 212 K and µeff
= 4.83 µB/f.u. which is larger than the expected spin
only value of 4.36 µB/f.u. Moreover, the inverse suscep-
tibility deviates upward from Curie-Weiss behavior much
above the CO transition. These features are reminiscent
of predominant short range FM correlation/fluctuations
at high temperature 36. W. Bao et al have studied this
kind of correlation above CO in Bi1−xCaxMnO3 (0.74 6
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FIG. 4. Main panel shows the collapsing of TCO values in
H-P-T space after rescaling the X and Y axis of Fig. 2(a).
Lower inset shows the log-log plot of the data shown in the
main panel. Upper inset shows the collapse of δTCO versus
H data at ambient pressure with the rescaled data at P=2.1
kbar. Symbols present the pressure values as in Fig. 3.
x 6 0.82) by neutron scattering and bulk magnetization
measurements 37. Later on, similar spin correlation was
reported in Pr1−xCaxMnO3 (x6 0.50) prior to the CO
transition. Below CO, these correlations are replaced by
AFM correlations due to carrier localization and the mag-
netic susceptibility decreases. This is considered to be the
reason for the prominent hump observed in magnetiza-
tion around the CO transition as also observed in Fig.1
38,39. However, CO transition is generally considered as
a first order phase transition. Thus the observation of
scaling behavior here is not trivial. Notwithstanding the
above, we can write an expression for TCO from equ. 1,
as -
TCO = φ(P) ∗ g(H) (3)
where φ(P) is a function of P which depends on the
change in t and electron-phonon coupling strength by
the applied P and g(H) is a function of H which depends
on “θ”. The exact functional dependence will of course
depend on the intrinsic details of magneto-electronic in-
teractions of the sample. So following equ. 3, we can
claim that it is possible to rescale TCO by some function
of P such that it follows a scaling function, δTCO/φ(P)
= g(H). But here we have few important observations:
(1) reduced susceptibility at TCO varies as power law
with H [Fig. 3], (2) we need to additionally rescale H
to merge TCO values, and (3) which is significant, both
functional dependence are in the form of power law with
indices close to 3D Ising and Heisenberg universality class
[Fig. 3]. Therefore, data collapsing observed here can-
not be construed as merely fortuitous or mathematical.
Such data collapsing hints toward a scaling behavior of
4the charge solid to liquid melting process. In this con-
text, it is noteworthy that the charge order transition
observed in manganites has been generally described as
a first order transition because of finite latent heat ob-
served in specific heat and structural changes across the
transition 22,40. Moreover, in this case the parent com-
pound Pr0.5Ca0.5MnO3 (PCMO) is a robust charge or-
dered insulating system and the temperature induced CO
transition itself is argued to be a first order 19.
In PCMAO random substitution of 2.5% non-magnetic
Al in Mn site has drastic impact on the magnetic prop-
erties. For example, (i) charge order transition is weak-
ened; it is shifted to lower temperature with increasing
amount of Al substitution. Though some anomaly is ob-
served in magnetic entropy, no indication of latent heat
could be inferred from specific heat measurement 33,41.
(ii) Significantly, the robust AFM-insulating ground state
of the parent system has surprisingly changed to FM-
metallic state 42,43, while substitution of Al neither affect
the lattice structure significantly, nor contribute to any
magnetic interaction. Substitution of Al created frozen
random disorder in CO lattice which would broaden the
first-order transition 16 and possibly drive the first or-
der CO transition in parent compound into a continuous
transition. In that case, a scaling behavior can appear
16–18. However, it throw up a challenge to find the exact
underlying mechanism behind such mutual scaling be-
havior of three thermodynamic parameters i.e. the CO
transition temperature, magnetic field and hydrostatic
pressure within such a wide range in PCMAO.
Further, in a first order transition, two or more phases
co-exist at phase boundary and none of these phases is
critical as in a continuous phase transition. However, the
phase coexistence of two or more phases across a first or-
der transition can also be studied using renormalization
group fixed point approach. Here, the order parameter
shows critical behavior with the critical exponent equals
to zero and the “coherence or persistence length” relating
to the occurrence of co-existing long range order phases
diverges with an exponent of 1/3 for a system with spa-
tial dimension of three 44–46. Recently, intensive works
are directed toward this field 47,48. In this context, the
random field Ising model (RFIM) has been extensively
investigated for nearly three decades, where, a FOPT is
predicted in both extensive Monte-Carlo simulations and
experiments with few observables showing critical (“qua-
sicritical”) behavior 49,50. Although, the order of phase
transition in RFIM is still unresolved, a recent rigorous
numerical simulation has found critical behavior across a
weak FOPT 51. A weak first order Mott transition also
shows critical behavior 52.
To summarize, we have studied the melting of the CO
state in 2.5% Al doped Pr0.5Ca0.5MnO3 under simulta-
neous application of external hydrostatic pressure and
magnetic field through the magnetization measurement.
We have shown that this melting process follows an in-
teresting scaling relation in H-P-T space. The exponents
obtained from collapsed data from a rigorous process are
close to the 3D Ising and Heisenberg universality class.
Such scaling behavior can arise in a disorder broadened
first order transition culminating to a continuous tran-
sition. Our study brings out an important query about
the nature of CO transition through the observed crit-
ical behavior in the melting of CO by T, P and H. It
also instigates bringing in other relevant parameters into
the study of CO state like Electric Field. Moreover, the
present study not only calls for serious scrutiny of the CO
state under simultaneous effect of T, P and H in other
systems but also expect to stimulate theoretical stud-
ies around the critical regime of such disorder broadened
transitions. More importantly, this study brings out the
importance of more than two thermodynamic parameters
to properly fix or designate the critical end point for a
transition belonging to known universality class.
We would like to convey our gratitude to Dr. S. B.
Roy for many relevant discussions.
1 H Eugene Stanley, Introduction to Phase Transition and
Critical Phenomena, Oxford University Press (1971).
2 Sunil Nair and A. Banerjee and A. V. Narlikar and D.
Prabhakaran and A. T. Boothroyd, Phys. Rev. B 68,
132404 (2003).
3 S. N. Kaul, Journal of Magnetism and Magnetic Materials
535-53, (1985).
4 A. K. Pramanik and A. Banerjee, Phys. Rev. B 79, 214426
(2009) and references therein.
5 K. Binder and A. P. Young, Phys. Rev. B 29, 2864 (1984).
6 Olga Perkovic, Karin Dahmen and James P. Sethna, Phys.
Rev. Lett 75, 4528 (1995).
7 D. van der Marel, H. J. A. Molegraaf, J. Zaanen, Z. Nussi-
nov, F. Carbone, A. Damascelli, H. Eisaki, M. Greven, P.
H. Kes and M. Li, Nature 425, 271 (2003).
8 Sunil Nair and A. K. Nigam , Phys. Rev. B 75, 214415
(2007).
9 Bruce D. Malamud, Gleb Morein and Donald L. Turcotte,
Science 281, 1840 (1998).
10 James P. Sethna, Karin A. Dahmen and Christopher R.
Myers, Nature 410, 242 (2001).
11 Dante R. Chialvo, Nature Physics 6, 744 (2010).
12 P. G. Debenedetti , Metastable Liquids: Concepts and
Principles, Princeton University Press, Princeton,
NJ (1996).
13 Tapas Bar, Sujeet Kumar Choudhary, Md. Arsalan Ashraf,
K. S. Sujith, Sanjay Puri, Satyabrata Raj and Bhavtosh
Bansal, Phys. Rev. Lett 121, 045701 (2018).
14 Leonie Canet and Hugues Chate and Bertrand Delamotte
and Ivan Dornic and Miguel A. Munoz, Phys. Rev. Lett
95, 100601 (2005).
15 S. Ulm, J. Ropnagel, G. Jacob, C. Degunther, S. T.
Dawkins, U. G. Poschinger, R. Nigmatullin, A. Retzker, M.
B. Plenio, F. Schmidt-Kaler and K. Singer, Nature Com-
munications 4:2290 , (2013).
16 Yoseph Imry and Michael mortis, Phys. Rev. B 19, 3580
5(1979).
17 Michael Aizenman and Jan Wehr, Phys. Rev. Lett. 62,
2503 (1989).
18 Young-Je Yun and In-Cheol Baek and Mu-Yong Choi,
Phys. Rev. Lett. 89, 037004 (2002).
19 Y. Moritomo, H. Kuwahara, Y. Tomioka and Y Tokura,
Phys. Rev. B 55, 7549 (1997).
20 A. S. Roy, A. Husmann, T. F. Rosenbaum and J. F.
Mitchell, Phys. Rev. B 63, 094416 (2001).
21 Y. Tomioka, A. Asamitsu, Y. Moritomo and Y. Tokura, J.
Phys. Soc. Jpn 64, 3624 (1995).
22 Elbio Dagotto, Nanoscale Phase Separation and Collossal
Magnetresistance, Spinger-Verlag (2002).
23 E. J. W. Verway, Nature 144, 327-328 (1939).
24 Sergey V. Ovsyannikov, Maxim Bykov, Elena Bykova,
Konstantin Glazyrin, Rudra Sekhar Manna, Alexander
A. Tsirlin, Valerio Cerantola, Ilya Kupenko, Alexander
V. Kurnosov, Innokenty Kantor, Anna S. Pakhomova,
Irina Chuvashova, Aleksandr I. Chumakov , Rudolf Ru¨ffer,
Catherine McCammon and Leonid S. Dubrovinsky, Nature
Communications, 9:4142 (2018).
25 Ismail El Baggari, Benjamin H. Savitzky, Alemayehu S.
Admasu, Jaewook Kim, Sang-Wook Cheong, Robert Hov-
den and Lena F. Kourkoutis, Proc. Natl Acad. Sci. USA
115, 1445-1450 (2017).
26 Hanna Terletska, Tianran Chen and Emanuel Gull, Phys.
Rev. B 95, 115149 (2017).
27 P. W. Anderson and H. Hasagawa, Phys. Rev. 100, 675
(1955).
28 G. C. Milward and M. J. Calderon and P. B. Littlewood,
Nature 433, 607 (2005).
29 E. Suard, F. Fauth, V. Caignaert, I. Mirebeau and G.
Baldinozzi, Phys. Rev. B 61 R11 871 (2000).
30 C. Zener, Phys. Rev. 82, 403 (1951).
31 A. J. Millis , P. B. Littlewood and B. I. Shraiman, Phys.
Rev. Lett. 74, 5144 (1995).
32 N. F. Mott, Proc. Phys. Soc. A 62, 416 (1949).
33 Sunil Nair and A. Banerjee, J. Phys.: Condens. Matter 16,
8335 (2004).
34 Sunil Nair and A. Banerjee, Phys. Rev. Lett 93, 117204
(2004).
35 S. Dash, Kranti Kumar, A. Banerjee and P. Chaddah,
Phys. Rev. B 82, 172412 (2010).
36 A. F. J. Morgownik and J. A. Mydosh, Phys. Rev. B 24,
5277 (1981).
37 Wei Bao, J. D. Axe, C. H. Chen and S-W. Cheong, Phys.
Rev. Lett 78, 543 (1997).
38 R. Kajimoto, T. Kakeshita, Y. Oohara, H. Yoshizawa, Y.
Tomioka and Y. Tokura, Phys. Rev. B 58, R11837 (1998).
39 A. Daoud-Aladine, B. Roessli, S. N. Gvasaliya, C.
Perca, L. Pinsard-Gaudart, J. Rodr‘ıguez-Carvajal and A.
Revcolevschi, J. Phys.: Condens. Matter 18, 1509–1517
(2006).
40 A. K. Raychaudhuri, Ayan Guha, I. Das, R. Rawat and C.
N. R. Rao, Phys. Rev. B 64, 165111 (2001).
41 A. Banerjee, R. Rawat, K. Mukherjee, and P. Chaddah,
Phys. Rev. B 79, 212403 (2009).
42 A. Banerjee, K Mukherjee, K Kumar and P Chaddah,
Phys. Rev. B 74, 224445 (2006).
43 Xiao Chen, Shuai Dong, Kefeng Wang, J.-M. Liu and Elbio
Dagotto, Phys. Rev. B 79, 024410 (2009).
44 B. Nienhuis and M. Nauenbergg, Phys. Rev. Lett. 35, 477
(1975).
45 M. E. Fisher and A. N. Berker, Phys. Rev. B 26, 2507
(1982).
46 Stefano Scopa and Sascha Wald, Journal of Stat. Mech.
18, 113205 (2018).
47 Ning Liang and Fan Zhong, Phys. Rev. E 95, 032124
(2017).
48 Andrea Pelissetto and Ettore Vicari, Phys. Rev. Lett. 118,
030602 (2017).
49 A. P. Young and M. Nauenberg, Phys. Rev. Lett. 54, 2429
(1985).
50 R. J. Birgeneau, R. A. Cowley, G. Shirane and H.
Yoshizawa, Phys. Rev. Lett. 54, 2147 (1985).
51 A. Maiorano, V. Mart´ın-Mayor, J. J. Ruiz-Lorenzo and A.
Taranco´n, Phys. Rev. B 76, 064435 (2007).
52 Tetsuya Furukawa, Kazuhiko Kobashi, Yosuke Kurosaki,
Kazuya Miyagawa and Kazushi Kanoda, Nature 9:307,
(2018).
